The left-lateral Yammouneh fault (YF) is the main active branch of the Dead Sea Transform Fault (DSTF) within the Lebanese restraining bend. Despite the overall transpressional setting, a series of sedimentary basins have developed along the trace of the YF. Consequently, palaeoseismic studies within these basins provide an opportunity to study the processes of coseismic growth of the basins, as well as elucidate earthquake behaviour of the fault, in general. Geodetic measurements of contemporary fault slip within the Lebanese restraining bend indicate that the YF accommodates most of the expected left-lateral strike-slip motion, despite the apparent lack of present-day seismicity. We studied the YF, using combined investigations of remote imagery, geomorphology and palaeoseismology. The active fault trace along a 51 km strip was delineated as relatively young surface ruptures and fault scarps that affect Holocene deposits with intermittent offset geomorphic markers. Seven closed basins that occur along-strike of the YF, were found to be related to faulting, with at least three of them displaying evident pull-apart settings. We concentrated our work on the rhombohedral Yammouneh basin, an actively evolving example of pull-apart basins, which is presently obliquely cut by the active fault, with an apparently young age of 1.4 ± 0.3 Myr. 3-D correlation and analysis of palaeoseismic investigations exposed a composite shear zone with a total subsidence that exceeds 1.6 m over the past 4000-4400 yr. Stratigraphic and geochronological constraints suggest the occurrences of at least five large faulting events during that period. By correlating the stratigraphy and ages of this trench with a previously published study located nearby, a combined palaeoseismic history for the past five events is constructed. This suggests a mean recurrence period of 1020-1175 yr for large earthquakes along this section of the YF. Our results suggest a subsidence rate due to faulting of about 0.36-0.40 mm yr −1 within the Yammouneh pull-apart basin. The geometrical relationship between the active fault trace and the older fault traces suggests that the basin may have evolved in a two stage process in which the original releasing fault bend developed a cross-cutting fault, accommodating most of the subsequent strike-slip displacement. The role of the YF in controlling basin evolution is further supported by the correspondence of the active fault with the boundary of the present depocentre. Our results highlight the interrelation between active strike-slip faulting and the coseismic incremental evolution of fault-related sedimentary basins, which may provide a conceptual model with broader implications on analogous tectonic systems worldwide.
chain to the west (which includes the Coastal and Offshore Monoclines in Fig. 1 ), the NE-trending anti-Lebanon chain to the east and the Beqaa Valley in between (e.g. Hancock & Atiya 1979) . Within the bend, the DSTF splays into five fault branches: the Roum, Yammouneh, Hasbaya, Rachaya and Serghaya faults (Fig. 1b) , of which, only the Yammouneh fault (YF) is through-going across the bend, whereas the other fault branches are limited in extent (e.g. Walley 1988; Gomez et al. 2003; Nemer & Meghraoui 2006) .
The YF constitutes the main fault branch of the DSTF within the Lebanese restraining bend, as it connects the southern and northern sections of the plate boundary. It is a prominent structure, which acquires a distinct trace and can be clearly discerned from the geomorphology. Global positioning system (GPS) measurements of contemporary fault-slip within the Lebanese restraining bend indicate that 4-5 mm yr −1 of relative plate motion is transferred through the restraining bend, from the southern to the northern section of the DSTF, and the corresponding displacement field suggests that the YF accommodates most of the expected strike-slip motion (Gomez et al. 2007a) . These GPS measurements compare well with geomorphic estimates of slip rates within the restraining bend (e.g. Gomez et al. 2003 Gomez et al. , 2007b Daeron et al. 2004 ). These observations of crustal deformation, combined with the apparent lack of presentday seismicity, imply that the YF is at present accumulating strain, which underscores the concern for the earthquake potential of the YF.
In this paper, we address the earthquake behaviour of the YF and its relationship to the growth of strike-slip 'pull-apart' basins. We focus on its geomorphic and active tectonic aspects through detailed field mapping and aerial-photograph analysis. Evidence of recent faulting in Holocene deposits suggests a direct relationship to historical earthquakes that have occurred in the region. We concentrate our investigations in a series of along-strike basins, of which, the Yammouneh pull-apart basin was studied more closely, including a palaeoseismic investigation that highlights the fault-related basin evolution. These results provide insight into the relationship between active strike-slip faulting and the coseismic incremental evolution of strike-slip fault related sedimentary basins.
A C T I V E T E C T O N I C S E T T I N G
The YF has a prominent ∼170 km long geomorphic trace along the length of the Lebanese restraining bend (Fig. 1) . It originates as a splay from the western bounding fault of the Hula basin and strikes NNE-SSW, generally following the boundary between southern Mount Lebanon and the Beqaa Valley. At about latitude 33.8 • N, the YF cuts through Mount Lebanon and continues NNE until it joins the northern section of the DSTF. Although predominantly a left-lateral strike-slip fault, the YF exhibits both horizontal and vertical displacements, with large and small left-lateral offset markers along its trace: the former imply a long-term sinistral behaviour and the latter indicate relatively recent tectonic activity (e.g. Garfunkel et al. 1981; Heimann & Ron 1987; Daeron et al. 2004; Gomez et al. 2006 Gomez et al. , 2007b . Long-term offsets are likely reflected in a series of elongated basins located along the YF, the largest of which is the Yammouneh basin.
As the link between the northern and southern DSTF, the Lebanese restraining bend is a key to elucidating a discrepancy in total offsets between the southern and northern DSTF: more than 100 km of offset detected to the south of the Lebanese restraining bend and the wide-range 20-80 km offset estimated to the north (e.g. Quennel 1958; Freund et al. 1970; Garfunkel et al.1981) . Several hypotheses have been proposed to explain the difference in deformation along the plate boundary from south to north. Freund et al. (1970) provided a geometrical reconstruction of the left-lateral movement along the DSTF and suggested a crustal overlap of about 20-25 km along the YF. However, Hancock & Atiya (1979) noted that the shortening achieved by both faulting and folding barely exceeds 10 per cent within the Lebanese restraining bend, which is far less than the expected deformation from the 20-25 km of overlap proposed by Freund et al. (1970) . Consequently, Hancock & Atiya (1979) suggested that a significant amount of displacement within the restraining bend could have been accommodated by anticlockwise rotation of the fold belt earlier in the Cenozoic. Alternatively, Girdler (1990) inferred from both the instrumental earthquake distribution and Landsat images that the DSTF is consistent with a set of small circles centred about a 33
• N-24
• E pole of rotation, with the northernmost onshore small circle bypassing the YF and matching the westernmost Roum fault (Fig. 1) . Building on this hypothesis, Butler et al. (1998) proposed that the YF represents an earlier stage of an evolving plate boundary, as the AfricaArabia pole of rotation has probably migrated through time since late Miocene. However, recent studies including palaeoseismic investigations across the different fault branches of the Lebanese restraining bend, demonstrated that several of these fault branches are tectonically active (e.g. Gomez et al. 2003; Nemer & Meghraoui 2006; Daeron et al. 2007) . Such palaeoseismic studies are consistent with historical records that document the occurrences of large and devastating earthquakes along the eastern Mediterranean region (e.g. Ambraseys et al. 1994; Sbeinati et al. 2005) .
Present day, instrumentally recorded seismicity is generally sparse within the Lebanese restraining bend, although historical records document the occurrences of large earthquakes within the bend (e.g. Ambraseys & Jackson 1998; Sbeinati et al. 2005) . Elnashai & El-Houry (2004) combined the available historical seismicity data of the eastern Mediterranean region with its 20 th -century seismicity to estimate the annual frequency magnitude distribution, following the scaling relation of Gutenberg & Richter (1954) . Elnashai & El-Houry (2004) found that the frequency-magnitude distribution of instrumental seismicity follows the relationship logN = 3.02 − 0.73 M S (1), whereas the historical distribution follows log N = 14.8 − 2.73 M S (2) (N being the number of earthquakes of a given magnitude M S or greater). This difference indicates that the recorded earthquake activity during the instrumental period (i.e. the past century) has been lower than expected, to accommodate the Africa-Arabia relative plate motion (Elnashai & El-Houry 2004) . Despite the paucity of large earthquakes, focal mechanisms of moderate earthquakes are consistent with left-lateral faulting within the restraining bend (e.g. Salamon et al. 2004) .
Several studies have reviewed and synthesized the abundant historical records for the eastern Mediterranean area, resulting in subsequent parametric earthquake catalogues have been published (e.g. Poirier & Taher 1980; Plassard & Kogoj 1981; Ben-Menahem 1991; Ambraseys et al. 1994; Sbeinati et al. 2005) . The historical data alone generally preclude assigning individual events to specific faults, especially when multiple faults exist in relatively close proximity to one another, as in the case of the Lebanese restraining bend. Recently, Sbeinati et al. (2005) provided a parametric catalogue (considered relatively complete for magnitudes greater than 6.5) of 36 historical earthquakes that took place in the region, with their estimated epicentral locations, intensities, depths and surface magnitudes. Of these earthquakes, seven were assessed to have their epicentres localized within the Lebanese restraining bend: the 551 July 9 (M S 7.2), the 847 November 24 (M S 7.5), the 1063 July 30 (M S 6.9), the 1202 May 20 (M S 7.6), the 1759 October 30 (M S 6.6), the 1759 November 25 (M S 7.4) and the 1873 January 1 (M S 7.1) earthquake (Ambraseys 1997; Sbeinati et al. 2005; Fig. 1b) . The correlation of most of these earthquakes with the corresponding fault branches has been supported by palaeoseismologybased studies, namely the 551 event with the Offshore Monocline ( Fig. 1 ; e.g. Morhange et al. 2006; Nemer & Meghraoui 2006) , the 1202 event with the YF (Daeron et al. 2007 ) and south of the LRB (Ellenblum et al. 1998) , the 1759 October event with the Rachaya fault (Nemer et al. submitted) or the Jordan Gorge fault (to the south of the Lebanese restraining bend; Ellenblum et al. 1998; Marco et al. 2005) , the 1759 November event with the Serghaya fault (e.g. Gomez et al. 2001 Gomez et al. , 2003 Nemer et al. submitted) and the 1837 event with the Roum fault (Nemer & Meghraoui 2006) . Additionally, the 847 and 1063 events may well correspond with the YF, like the 1202 event, based on their sources' spatial distributions (Fig. 1b) . 
T H E YA M M O U N E H FAU LT ' S A L O N G -S T R I K E B A S I N S
Detailed mapping along a 51-km strip of the northern YF, which covers seven along-strike basins, resulted from the analysis of 1:25 000 scale aerial photographs, high-resolution Ikonos satellite images (1 mpixel −1 ), 20mpixel −1 SAR digital elevation model (Gomez et al. 2006) , available geological and topographic maps (e.g. Dubertret 1949 Dubertret , 1955 and our own field investigations (Fig. 2) . Our objective was to elucidate the geometric and kinematic relationships of these basins with the YF within the overall transpressive regime of the restraining bend and to delineate the trace of the active fault, that is, the modern surface ruptures associated with the YF as evidence for recent faulting.
Between latitudes 34.0
• N and 34.5
• N, seven distinct basins occur along the strike of the YF, as it cuts through the carbonate bedrock of Mount Lebanon (Fig. 2) . They are, from south to north: the Ramez-Zainiyeh, the Zainiyeh, the Yammouneh, the Ainata, the AyounOrghosh, the Jbab-el-Homr and the Marj-Hine basin ( Table 1) . The shapes of individual basins range from elongated (Ram-ezZainiyeh, Ainata), to rhombohedral (Yammouneh), to trapezoidal (Zainiyeh and Jbab-el-Homr), to half-elliptical (Ayoun-Orghosh and Marj-Hine). All of these basins are closed depressions that have been previously assigned karstic origins and classified as poljes (e.g. Besancon 1968 ). However, their layout along the YF within a regional restraining system may require a tectonic origin. This is further supported by our identification of recent faulting within and bounding the basins. Each basin is described below:
(1) The Ram-ez-Zainiyeh is the southernmost basin along the YF (Fig. 2) . It is an elongated basin that extends along a length of 1.8 km with a maximum width of 0.3 km. It is relatively flat and covered with fertile Quaternary alluvial deposits. Its lowest part lies at its northern end, which becomes inundated following high winter seasons. The trace of the active fault follows the eastern edge of the basin as a mole track (Fig. 3) before cuts through the basin and continues along the western slope at the basin's northern end. The basin is relatively narrow with a length/width ratio of 7.5 (Table 1) . Based on the shape of the basin, the geometrical relationship with the fault and the presence of karst landforms, we infer that the basin probably originated by a local releasing step or bend of the YF and have grown longer with relatively localized faulting and karstic processes.
(2) The Zainiyeh basin lies 2.5 km northeast of Ram-ez-Zainiyeh (Fig. 2) and exhibits a trapezoidal shape that tapers northeast following the strike of the YF. This basin has a maximum length and width of 1.4 and 0.4 km, respectively. It is quite flat and covered with cultivated Quaternary deposits. Its lowest area, which becomes mildly submerged during the wet season, abuts the northeastern edge. The active fault trace follows the base of the western edge of the basin, at the north of which it manifests as a ∼0.5-m-high fault scarp. The basin's trapezoidal shape and the fault configuration suggest an initial pull-apart origin at a releasing fault bend that transferred the fault movement from the eastern to the western edge, even though the current or active fault trace follows the latter.
(3) The Yammouneh basin lies 2.4 km northeast of Zainiyeh (Fig. 2) . It is the largest of all basins having a rhombohedral shape, with maximum length and width of 6.6 km and 1.3 km, respectively (Table 1 ). This flat-floored basin is covered with fertile Quaternary alluvial and lacustrine deposits. Its lowest part, which lies in its southern half, used to be the site of an ephemeral lake before a hydrological tunnel was dug in 1937 to connect the lake water to the northwest of the Beqaa Valley, for cultivation purposes (Guerre 1967) . It is locally known for abundant water owing to the presence of several springs that lie along its western edge. The trace of the active fault seems to cut across the basin obliquely from the southeast to the northwest, corresponding with a distinct lineament visible in aerial photographs and drainage distribution within the palaeolake area (Fig. 5) . The basin's rhombohedral shape is typical of pull-apart basins, even though its length/width ratio is equal to 5.1, that is, greater than Aydin & Nur's (1982) value of 3.2. This suggests that the Yammouneh basin is a pull-apart basin beyond its 'maturity' stage, as it continues to grow longer, keeping a constant width. Moreover, it is worth noting that this basin hosts a number of sinkholes that are a direct manifestation of karstification.
(4) The Ainata basin lies 0.4 km northeast of the Yammouneh basin (Fig. 2) . It is an elongated flat and closed valley, which is filled with cultivated Quaternary deposits and has a relatively dry flat bottom. It extends for 3.4 km, with a maximum width of 0.8 km. On the geological maps (Dubertret 1949) , it is mapped to extend about 3 km further northeast to include the cultivated Quaternary patches that lie to the west and north of Ainata village. However, these terrains do not seem to make a part of the basin, as they are rather localized and independent from it. The active fault trace follows the slope break that defines the southwestern limit of the basin and continues northeast along the eastern flank of the western bounding relief. This basin seems indirectly related to the YF, as the fault is located only along the western side of the basin and numerous dolines in and around the basin attest to significant karstification in the area. (5) The Ayoun-Orghosh basin lies 8.3 km northeast of the Ainata basin (Fig. 2) . This basin has an elongated half-elliptical shape, with a maximum length of 3.3 km and maximum width of 0.5 km. This basin's uneven surface is characterized by a sloping western rim, formed by coalesced alluvial fans, a flat low-lying base, generally inundated by nearby springs, and a limestone ridge protruding from the bedrock to the northeast. At this ridge abuts a rim of fertile Quaternary deposits. The trace of the active fault was identified north of the basin, as a slope break across a set of alluvial fans that lie outside the tectonically controlled basin. The peculiar semielliptical shape of this basin suggests that it involves both tectonic and karstic origins.
(6) The Jbab-el-Homr basin lies 5.2 km northeast of AyounOrghosh (Fig. 2) . It is a closed elongated basin that extends for 6.6 km, with a maximum width of 1.5 km, and tapers northeast along the strike of the YF. It is relatively flat and covered with cultivated Quaternary deposits. The lowest point lies in the northwestern part of the basin and floods following high winter seasons. The active fault trace joins the basin from the west and follows its western edge as a 4-6-m-high scarp along which an alluvial fan exhibits a left-lateral offset of about 30 m (Fig. 4) . Farther northeastward, the fault crosses the lowest part of the basin and heads towards the NE, where it is expressed as a subtle fault scarp less than 0.5 m high. The basin's elongated trapezoidal shape suggests a fault-related origin similar to that of the Zainiyeh basin.
(7) The Marj-Hine basin lies 1.3 km northeast of Jbab-el-Homr (Fig. 2) . It is a rather elongated half-elliptical closed basin that extends for 6.1 km, with an expanded width reaching 1.6 km. This basin is relatively flat and covered with fertile Quaternary deposits. A low, elongate hill, midway across the basin (the Tell), corresponds with the fault trace and may possibly represent as a local compressional structure, due to localized fault bending (Fig. 2) . The trace of the active fault follows the southeastern edge of the basin before it cuts through the flat area up to the Tell, to the northeast of which, it continues as two en echelon segments before it resumes its NNE strike towards the end of the basin, where it manifests as a ∼2-m-high fault scarp. The half-elliptical shape of this basin suggests an uncertain pull-apart setting, even though it could have initiated at a localized releasing geometry and became concealed by later geomorphic processes.
In summary, the basins along the strike of the YF show evidence of contemporary fault activity, which suggests a tectonic relationship. One basin (Yammouneh) displays the classic pull-apart geometry, four show strong evidence of tectonic origins other than simple pull-apart basins (Zainiyeh, Jbab-el-Homr, Ram-ez-Zainiyeh, and Marj-Hine) and one probably involves a combination of karstic and tectonic origins (Ayoun-Orghosh). The active fault traces are delineated within and around the basins by mole tracks, fault scarps and laterally offset geomorphic markers (Fig. 2) .
PA L A E O S E I S M I C I T Y O F T H E Y F F RO M T H E YA M M O U N E H P U L L -A PA RT B A S I N
Evidence of active faulting suggests the YF probably accounts for some of the historically documented earthquakes in the region. Hence, earthquake displacements will reflect the incremental growth of these tectonically controlled basins. To study incremental basin growth, we studied repeated faulting in recent sediments within the Yammouneh Basin in a palaeoseismic analysis. Among several potential palaeoseismic-trenching sites, the Yammouneh basin was chosen for our study based on its pull-apart maturity, its typical rhombohedral shape that can be easily exploited in kinematic reconstructions and its palaeolake hosting where wellstratified lacustrine layers have been already revealed (e.g. Daeron et al. 2007) . Within the limits of the palaeolake area, three scarp-like features were identified in the south, generally parallel to the strike of the active fault trace (Fig. 6) . The scarps bound the lower area of the Yammouneh basin to the east from the slightly higher area to the west. Their layout suggests a tectonic origin, although they also exhibit various degrees of anthropogenic modification (e.g., reinforcing stones). We excavated a palaeoseismic trench perpendicular to the northernmost scarp, aiming to identify the last faulting event in the lower area eastward that should bear the youngest palaeolake deposits, as inferred from the morphotectonic setting (Figs 5 and 6 ). The location of our trench also facilitates spatial correlation with the recent trench study of Daeron et al. 2007 , which is located at a slightly higher topographic level in the basin. Collectively, these palaeoseismic trenches provide an opportunity to study active basin growth.
Our excavation involved a 16-m-long trench, 2 m wide, down to a depth of 3 m. A 1 × 1 m grid was installed on both walls to allow logging and comparison of facing structures. The excavation displays well-stratified lacustrine deposits, locally dipping east towards a fault zone (Fig. 7) . Sixteen different layers were delineated (Table 2) , together with a localized shear zone, whose effect is notable on the eastern down-warping of the exposed structure.
The main shear zone is localized within ∼3 m, with minor exterior branches diverging up eastwards. It demonstrates an apparent throw of at least 1.7 m across the exposed stratigraphy (based on 'layer h'), and the strike-slip component can be inferred qualitatively from the along-strike difference of the exposed fault branches on both walls. The overall eastward down-warping corresponds with fault throw resulting from multiple faulting events.
Radiocarbon dates for seven samples collected from the trench were measured, using 14 C accelerator mass spectrometry (AMS), and the results revealed that the distribution of ages consistent with Table 2 . Stratigraphic units identified in the trench.
Layer Description a
Brown soil covering the whole area surface; irregular thickness ranging from 16 to more than 90 cm, increasing westwards; the present plough zone b 9-cm-thick whitish calcareous layer, most probably of evaporitic origin, detected only on the northern wall. c ∼13 cm thick and consists of whitish clay-rich silt containing fine calcareous shells. It is deposited unconformably over layers g, e and d. d
∼7 cm thick and consists of pale brown clay-rich marl. It is of limited extent, erosionally truncated. e ∼30 cm thick and made of fine-grained pinkish silty marl, with fine calcareous shells; locally includes fragments of the underlying layer f as a result of faulting. f ∼8 cm thick brownish silty clay containing small calcareous shells. It is a discontinuous layer as it is affected by faulting. g Very fine-grained whitish marl, containing small, calcareous shells; layer thickens eastwards from about 21 cm to over 137 cm beyond the shear zone, suggesting syndepositional faulting. h Fine-grained, clay-rich yellowish brown marl that containing small calcareous shells; thickness from 5 to 15 cm to the west of the shear zone and thickens significantly up to 30 cm east of the fault zone. i ∼30 cm thick and consisting of very fine-grained beige marl with small fine calcareous shells; layer is truncated by the shear zone where it mixes up with the underlying layers into layer k j Light brown clay-rich plastic marl with small calcareous shells; irregular thickness that ranging from 4 to 11 cm; becomes discontinuous in the vicinity of the shear zone, east of which it is indistinguishable. k ∼24-cm-thick bluish layer consisting of several levels of clay and marl, the latter containing fine calcareous shells; affected by the shear zone, east of which it becomes indistinguishable from the underlying (and two overlying)-collectively denoted as layer k . l Light grey marl ∼6 cm thick. m T h i n( ∼6 cm) dark grey fine-grained organic-rich, peat layer; unconformably overlies layer n, with evidence of bioturbation. n Very fine-grained light grey marl containing small, shallow-water calcareous shells; ∼37 cm thick and exposed west of the shear zone. o Greenish clayey marl showing intermittent darker fine clay horizons; ∼17 cm thick and exposed west of the shear zone. p Stratified brown, plastic clay; exposed only to the west of the shear zone.
the stratigraphic order (Table 3) . However, the two radiocarbon dates from layer 'e' yielded statistically distinct ages: the charcoal sample (YAM-06-15S) was dated at 1070 ± 40 BP, whereas the bulk sediment sample from the same layer (YAM-06-30SB) yielded a raw radiocarbon age of 1680 ± 50 BP. We believe this discrepancy probably reflects the influence of carbonate, dissolved from the bedrock (e.g. Arnold 1995) . As observed in other carbonate lakes in the region, the organic matter in the lacustrine sediments is likely due to lacustrine algae that extract carbonate from the lake water (e.g. Hazen et al. 2005 ). This extra carbon will lead to an overestimation of the sample's true age, by implying an erroneous amount of 12C and 13C. Assuming the charcoal sample represents the true age of layer e, a 'reservoir' correction can be estimated, which can also be applied to the other bulk organic carbon dates from lacustrine sediments. Following the procedure of Hazan et al. (2005) , an 8 per cent reservoir correction was estimated from the two samples in layer e. This correction was subsequently applied to the other bulk samples listed in Table 3 . As will be shown, the reservoircorrected ages are consistent with the stratigraphic correlation with the nearby trench studied by Daeron et al. 2007 . We interpret five faulting events ( Fig. 7) with 'event horizons' defined by the stratigraphic superposition, erosional truncations, cross-cutting relationships and the layer thickening across the shear zone. In order, from most recent to oldest, these include:
(1) Event Z. This is the most recent event identified in the trench. The event horizon is defined by shear zones that cut through layer e, but appear truncated by layer a (the plough zone). Hence, this event is younger than layer e (1070 ± 40 BP).
(2) Event Y. The timing of this event is implied by fault terminations that cut through layer f and are truncated by the unconformity with layer e. The upper age limit of this event is 1070 ± 40 BP, and as shown below, the lower age limit will be based on the correlation with the trench of Daeron et al. 2007 .
(3) Event X. This event is inferred to be contemporaneous with layer g, based on evidence of stratigraphic thickening and eastward down-warping, which we attribute to syndepositional faulting. Layer comparison is also available in Table 4 .
Although we recognize that some of the apparent thickness change could have resulted from erosion, the apparent vertical change of stratigraphic thickness noted within the fault zone (as well as the thickness changes of other layers, such as layer h) supports the interpretation that layer g does, in fact, increase in thickness eastwards across the fault.
(4) Event W. This event is identified as layer h thickens from 5-15 cm to ∼30 cm across the fault zone.
(5) Event V. This is the oldest event exposed in the trench. It took place after layers p, o, n, m, l, k, j, and i had been deposited, as these layers seem quite parallel, truncated at almost the same vertical level and mixed together within layer k eastward (leading to an apparent thickening of layer k to the east of the shear zone). It may have been cotemporaneous with the deposition of layer i as the underlying layer j seems affected by some faulting that does not reach the upper bound of layer i (Fig. 7) . Based on radiocarbon ages from this trench, its age can be loosely bracketed by the dates from samples YAM-06-26S(B) (layer j) and YAM-06-25S(B) (layer h).
We do not attribute the kink and break of layer b (Fig. 7) to tectonic faulting owing to its shallow depth (15 cm from the surface) in such a highly cultivated area. Furthermore, the south wall of the trench did not show a similar disruption of this layer. Hence, we interpret this as a probable result of cultivation.
D I S C U S S I O N

Correlation with a previous trench study and a combined earthquake history
For a more complete reconstruction of the earthquake history in the Yammouneh basin, the new trench can be integrated with the trench log of Daeron et al. (2007) , reported for a similar excavation located 175 m to the north, along the same fault trace. As discussed below, the integration of these two trench logs and their age constraints appears to yield a more complete (and internally consistent) palaeoseismic record than either trench alone.
An initial tie between the two trenches can be established using the dark, organic-rich layer (layer m), which corresponds with a similar layer in the older trench (layer 33 of Daeron et al.; Fig. 8 ). This layer is a peat-rich horizon that likely corresponds with a shallow, swampy environment throughout the palaeolake. The radiocarbon ages for the layer in the new trench (sample YAM-06-28S, 8360 ± 60 BP) are statistically similar to the age reported by Daeron et al. for their layer 33. Hence, we believe this tie is plausible.
The remaining stratigraphy is subsequently correlated, based on similar unconformities identified in both trenches, and the correlation produces a general agreement with the ages of Daeron et al. and the reservoir-corrected ages for bulk sediment samples from our trench. This correlation is described in Table 4 and illustrated in Figs 8 and 9. Despite the similarities in ages and stratigraphic relationships between the two trenches, we acknowledge that the sedimentological characteristics of corresponding layers show some variations, for example, strata in the new trench are generally more massively bedded than the laminations in the study of Daeron al. 2007 . Although some of this may result from local facies variations, we acknowledge that this correlation is not unique. However, we believe the similarities of the ages support this interpretation. After correlation, the following observations can be noted:
(1) The overall stratigraphic sequence of the exposed lacustrine layers is the same in both trenches 'although' the thicknesses of the individual layers change laterally (as a result of the spatial variability of the palaeolake deposition) and are denoted differently (Table 4) .
(2) The stratigraphic thicknesses east of the fault (i.e. on the down-thrown side) are generally thicker in the new trench, suggesting that this new trench is probably located closer to the depocentre of the lake basin.
(3) The uppermost brown soil horizon (layer a) in our trench is indicative of anthropogenic reworking, as such a thick and homogeneous horizon cannot be naturally developed in a lacustrine environment that was active 70 yr ago (Section 3). Similarly, the ploughing effects are evident in Daeron et al. 2007 , whereby their last-event capping layer was reached by ploughing only about 50 cm to the west of the uppermost fault branch (Fig. 9) .
(4) The uppermost charcoal samples after which Daeron et al. 2007 bracketed their last faulting event were sampled at 14, 12 and 4 cm below the ground surface, respectively. This depth is extremely shallow and probably warrants concern as to whether such samples can be trusted as in situ in a highly cultivated area like the Yammouneh basin.
(5) The five faulting events observed in the new trench correspond stratigraphically with the last five events identified by Daeron et al. 2007-however, unconformities and age constraints from this study allow distinguishing the timing of events V-X.
The combined palaeoseismic history in Fig. 10 is constructed from all available dates (both trenches) with the faulting events bracketed in between the stratigraphically closest ages. A statistical model of the ages of the radiocarbon dates and the palaeoseismic events can then be constructed by treating the radiocarbon dates as probabilities and incorporating stratigraphic constraints through the application of Bayes' Theorem. This was accomplished using the OxCal software (Bronk-Ramsey 1998) which applies the radiocarbon calendar corrections of Stuiver (1998) .
The last event, as suggested by Daeron et al. (2004 Daeron et al. ( , 2007 , likely corresponds with the large, historically documented earthquake that occurred in 1202 AD, as originally proposed by Ambraseys & Melville (1988) . In this case, the correlation of the 1202 earthquake with ruptures both in the Yammouneh basin and at Vadum Iacob (Ellenblum et al. 1998 ) and the 'Bet-Zayda valley' along the Jordan Gorge fault in northern Israel indicates a surface rupture that exceeds 145 km and denotes that the YF can break along much of its length during a single seismic event. Accordingly, its high seismogenic potential is to be considered within any seismic hazard assessment of the region as a central seismogenic segment of the DSTF within the Lebanese restraining bend.
The penultimate event (Event Y) also occurred with the historical period (360 AD-1000 AD, Fig. 10) , and we believe it may correspond with one of the following earthquakes, despite their relatively reduced documentation: (1) the earthquake of 303-304 AD that caused destruction in Sidon, Tyre, Jerusalem, Caesaria and damage in Syria; (2) the earthquake of 341 AD that caused destruction in Antioch, Beirut and damage in Cyprus; (3) the earthquake of 348-349 AD that destroyed most of Beirut and affected much of the eastern Mediterranean coast (e.g. Ben-Menahem 1979; Poirier & Taher 1980; Plassard & Kogoj 1981; Guidoboni et al. 1994; Sbeinati et al. 2005) . Note that current study's sketch is inverted (cf. Fig. 7 ). Numbers in Daeron et al.' s sketch indicate corresponding layers ( Table 4 ). Note that although the last faulting event of the current study is stratigraphically younger than that of Daeron et al. 2007 , the latter study gave a younger age range, most probably due to sample reworking, as suggested by the relatively deep reaches of the plough zone shown in red at the top of the rightmost sketch.
The three oldest events documented in the new trench likely predate recorded history, but they provide a view of the earthquake repetition over the past 6800 yr. The combined palaeoseismic history in Fig. 10 also suggests a quasi-periodic behaviour for large, surface-faulting earthquakes along the YF. Average recurrence periods range form 1020 (last four events) to 1175 yr (last five events). Bearing in mind the large uncertainties on Event V, the 1175 yr average is likely overestimated.
Assuming a simple, elastic rebound model in which all interseismic strain is released coseismically, the 1020-1175 yr average repeat time and slip rate of 4-5.5 m per year then suggest average slip of 4.1-6.5 m per event. Applying published scaling relationships between average displacement and earthquake magnitude (Wells & Coppersmith 1994; Ambraseys & Jackson 1998) , these results are consistent with maximum earthquake magnitudes of M W 7.3-7.5.
Short-term, coseismic growth of the Yammouneh basin
As shown in Figs 5 and 7, the youngest depositional horizons (layers a-f) lie in the low-lying area to the east of the fault, within the elongated 'tongue' of the 1360-m-contour area. Therefore, our trench dissects the active fault where it bounds the current basin depocentre; this is also suggested by the 3-D relationship in the fence diagram connecting the two palaeoseismic trenches (Fig. 9 ).
This topographic depocentre corresponds to increased stratigraphic thicknesses, as shown in the excavation. The coincidence of the 1360-m-contour tongue and the fault suggests that the fault movement directly shapes the local topography and, therefore, controls the tectonic evolution of the basin. Accordingly, by comparing the monoclinal structure exposed in the trench (Fig. 7) to the overall subsurface structure of the sedimentary units of the Yammouneh basin revealed from the electrical resistivity profiles (Etude geophysique de Yammouneh 1966; Fig. 11 ), it could be inferred that:
(1) the trench may represent the short-to medium-term history of the fault/deposition interaction within the basin and (2) the movement along the YF within the Yammouneh basin may have migrated from west to east, although it is possible that some other branch(es) that lack observable surface expressions may also have been active contemporaneously with the studied fault branch.
Layer h is the only layer in the trench that is continuous across the shear zone and not disturbed by any post-depositional erosion or anthropogenic reworking (Fig. 7) . Layer h demonstrates 10 cm of thickness change across the shear zone, which, we believe, corresponds to one syndepositional faulting event (event W). Furthermore, the top of layer h depicts an apparent, net throw of 1.6 m (faulting and down-warping across the shear zone), indicating subsequent subsidence. We believe this apparent throw represents vertical slip along the fault because outside of the fault zone, the strata are generally horizontal (whereas lateral displacement of a gentle dip may result in an apparent fault throw). Moreover, the throw (Table 3) obtained from sequential radiocarbon dates, automatically performed by the OxCal 3.10 Program (Bronk-Ramsey 1998; http://www.rlaha.ox.ac.uk/O/oxcal.php). Calibrated radiocarbon dates (black) are presented at the 2σ -confidence limits. Age ranges of faulting events (white, also shown with 2σ uncertainties) are determined using Bayesian analysis and the related conditional probability imposed by the stratigraphic sequence, event horizons and 14 C dating.
of the lower limit of Layer h represents the amount of subsidence due to faulting during and after the deposition of this layer, that is, over the past 4000-4400 yr. Accordingly, the rate of subsidence due to faulting along this branch of the YF over this time interval is 0.36-0.40 mm yr −1 , which represents 8 ± 2 per cent of the (5.0 ± 1.1 mm yr −1 ) horizontal slip rate of the YF proposed by Daeron et al. (2004) and Gomez et al. (2007b) . By extrapolating this subsidence rate to the whole Yammouneh basin that is 6.6 km long (Table 1) , we can infer that the throw of the YF across the basin should be about 520 ± 130 m. This estimate of subsidence is larger than the total depth to the carbonate 'basement' of the Yammouneh basin as inferred from electrical resistivity (Etude geophysique de Yammouneh 1966; Fig. 11 ), which indicated 140-190 m depth of the carbonate 'basement'. However, as suggested by the resistivity profiles in Fig. 11 , the depocentre of the Yammouneh basin has progressively shifted southwards within the basin, over time. Such a spatial progression in the position of the depocentre has also been suggested for the Dead Sea basin (Lazar et al. 2006) . With the basin subsidence is more broadly distributed like this, the local amount of subsidence would be less than expected. Consequently, the subsidence rate would underestimate the age of the basin. On the other hand, by considering the length of the Yammouneh pull-apart basin (6.6 km) and the horizontal slip rate of the YF (5.0 ± 1.1 mm yr −1 ; Daeron et al. 2004; Gomez et al. 2007b) , we deduce the age of the basin to be about 1.4 ± 0.3 Myr.
Longer-term growth of the Yammouneh pull-apart basin
Owing to the fact that the active fault trace cuts obliquely across the Yammouneh basin, consideration should be given to the possibility that the present structural configuration may not be representative of the full life of the Yammouneh basin. The active fault trace can be viewed in the context of the larger structure of the Yammouneh basin, through a combination with constraints on the subsurface structure provided by a previously reported electrical resistivity survey (Etude geophysique de Yammouneh 1966). As shown in Fig. 11 , the mapped trace of the active fault (shown in red) corresponds to faults inferred from the resistivity structure. In addition, other faults within the basin (denoted by thick, dashed black lines) do not correspond to geomorphic indicators of recent faultinghence, these likely represent older and inactive fault branches.
The pattern of recent and older faulting in Fig. 11 demonstrates that the older faults approximate a rhombohedral geometry, whereas Fig. 5 ). Thick red line is the delineated trace of active fault. Numbers on profiles A-L denote the resistivity value in ohm m of corresponding layers (in general 20-30 for clay, ∼100 for substratum and breccia and ≥1000 for limestone bedrock). Note the presence of more than one fault within the basin. The ones with no surface trace (dashed black lines) could be active as well.
the younger, active fault trace cuts obliquely across the basin. This arrangement suggests that the Yammouneh basin has likely evolved in at least two distinct episodes of faulting. Our conceptual model for the two-stage growth of the Yammouneh basin is illustrated in Fig. 12 and consists of the following stages:
(1) The basin initially grows as a rhombohedral basin bounded by N-S striking fault bends. As the displacement increases, these N-S striking bounding faults move farther apart.
(2) Eventually, a new N-S striking fault forms through the centre of the basin-this is the active trace that is observed today. It is possible that some normal faulting may still be accommodated along the sides of the basin, perhaps in a local regime of strain partitioning.
A possible explanation for this two-stage basin evolution may be found in recent geodynamic models of restraining and releasing bends along strike-slip faults (e.g. Li & Liu 2007) . In particular, the study of Li & Liu (2007) demonstrates that such bends along strike-slip faults typically result in concentrations of strain energy that may favour development of newer faults cutting across the fault bends. Although these models are typically applied at a larger spatial scale, we suggest analogous processes may be reflected in the geometric and cross-cutting relationships in the Yammouneh basin and possibly other 'pull-apart' basins.
Summarizing the above discussion, the rate of subsidence due to faulting along the excavated branch of the YF is ∼0.17-0.19 mm yr −1 and corresponds to 3-4 per cent of the (5.0 ± 1.1 mm yr −1 ) horizontal slip rate of the YF proposed by Daeron et al. (2004) and Gomez et al. (2007b) . By extrapolating this subsidence rate to the whole Yammouneh basin, we can infer that the throw of the YF across the basin should be about 230 m. The inferred age of the Yammouneh basin (1.4 ± 0.3 Myr) is apparently young, most probably a reflection of the transient nature of small pull-apart basins. We also acknowledge the intrinsic uncertainties in extrapolating a subsidence rate based on the past ∼4000 yr to the entire history of the basin. Hence, the recent subsidence rate as inferred from the trench might be slower than when the basin originally developed. Although subsidence rate may decrease, the Yammouneh basin would continue to be laterally offset by continued movement along the YF, which may explain the anomalous aspect ratio for the Yammouneh basin (Section 3; Table 1 ).
C O N C L U S I O N S
The YF is the main fault segment of the DSTF within the Lebanese restraining bend. Despite an apparent lack of present day seismicity, geodetic measurements and faulted landforms indicate that the YF accommodates most of the Africa-Arabia relative plate motion within the restraining bend. We addressed the neotectonic activity of the YF through aerial photograph analysis, detailed field mapping, palaeoseismology and kinematic reconstruction. Our mapping along a 51-km-long fault strip revealed the active fault trace as relatively young surface ruptures and fault scarps that affect Holocene deposits, with intermittent offset geomorphic markers. Seven closed basins occurring along-strike of the YF were found to be fault-related: at least three of them display evident pull-apart settings, two other with likely localized releasing initiations and one suggesting fault/karst interrelation.
The Yammouneh basin is a rhombohedral pull-apart basin. It is, at present, cut short by the active fault, which makes of it an active basin, though not in the mere sense of a pull-apart opening, with an apparently young age of 1.4 ± 0.3 Myr. A palaeoseismic study within it exposed a composite shear zone with a normal component that exceeds 1.6 m and revealed the occurrences of at least five large faulting events over the past ∼6800 yr. The last two of these events likely correspond with large, historically documented earthquakes, and the five events suggest a quasi-periodic recurrence of large earthquakes with mean return time periods of 1020- 1175 yr. This average, recurrence rate provides a significant improvement for regional earthquake hazard assessments.
The structural relationship between the YF and the Yammouneh basin is evident from the direct effect of the fault movement on the shaping of the basin's topography and ultimately on the coseismic growth of the basin. The rate of subsidence due to faulting along the excavated branch of the YF is ∼0.17-0.18 mm yr −1 , which represents 3-4 per cent of the horizontal slip rate of the YF and suggests that the expected throw of the YF across the basin should be about 230 m. A comparison of the monoclinal arrangement of the structure exposed in the trench to the overall subsurface structural arrangement of the sedimentary units of the Yammouneh basin revealed from the electrical resistivity profiles suggests that:
(1) the trench may represent the short-to medium-term history of the fault/deposition interaction within the basin; (2) the Yammouneh basin may have been the site of a southward migrating depocentre and (3) the movement along the YF within the Yammouneh basin may have migrated from west to east, without eliminating the possibility that some other branch(es) may have been active contemporaneously with the studied branch even though they do not exhibit detectable surface expressions. This requires better delineations of the other fault branch(es), prior to further palaeoseismic investigations, which may lead to a better understanding of the growth of the Yammouneh pull-apart basin relative to repeated fault movements along the YF.
Based on the geometrical relationship between the active fault trace and older faults within the Yammouneh basin, we suggest that the basin evolved in a two-stage history by which the original releasing fault bend developed a cross-cutting fault accommodating most of the subsequent strike-slip displacement. This seems plausible in light of recent studies suggesting significant concentrations of strain energy around fault bends may be consistent with later development of faults cutting across such bends.
In addition to the implications for the regional earthquake hazard, this study also highlights the interrelation between active strike-slip faulting and the incremental, coseismic evolution of fault-related sedimentary basins, which may provide a conceptual model with broader implications on analogous tectonic systems.
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